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ABSTRACT 
Fe-N films have been grown on SiOz/Si(lOO) substrates by reactive pulsed laser 
deposition (PLD). Series of films were deposited at 20°C and at 250°C, with a wide range of 
nitrogen pressures. Nitrogen pressure was found to affect film average composition, 
structure, phase percentages, and magnetic properties of the films. Deposition temperature 
also affected the nitrogen content, structure, phase percentages and magnetic properties of the 
films. The saturation magnetization of the films is shown to depend not only on their average 
nitrogen content but also on the phases and their relative amounts that make up the films. In 
particular, the iron nitrides y'-Fe~. and E-Fe3N (which has a wide range of composition) 
play a major role in determining the magnetization. Results can be understood in terms of the 
relative contributions of deposition rate and atomic surface diffusion in producing thin-film 
structure. To date, no giant moments larger than Ms of pure Fe have been observed in this 
investigation. 
Subsequently annealing at 200°C shows that for the sample deposited at 1 Om Torr and 
20°C the perpendicular magnetic anisotropy is suppressed after annealing. This can be 
understood by the explanation that the annealing process releases the stress. For the sample 
deposited at 40mTorr and 20°C (which is amorphous or possibly nanocrystalline), after 
annealing its magnetization is found to decrease significantly. This may be due to the reason 
that annealing makes the distribution of the introduced nitrogen atoms more homogeneous 
(or ordered). N nearest neighbors are proposed to tend to decrease the moments on Fe atoms, 
and thus it is assumed that spreading the N more homogeneously could cause more iron 
atoms to have N neighbors and thus overall moment to decrease. 
1. LITERATURE REVIEW 
1.1 The Fe-N Phase Information. 
Since 1972 when Kim and Takahashi [ 1,2] reported that they discovered a new 
magnetic material of a" -Fe16N2 compound with the highest saturation magnetization of about 
2200 emu/cm3 (3.0µ8/Fe) which is larger than that of 35% Co-65% Fe (2.5µs/Fe), a."-Fe16N2 
has become one of the most interesting materials in the field of magnetism. This is due to the 
chaotic situation that scientists cannot make sure whether its giant magnetic moment is true 
or not since its discovery in 1972. The Kim and Takahashi discovery in 1972 made a strong 
impact on the research fields of magnetic materials and magnetism. After that, many research 
groups have been interested in this material and have tried to identify its magnetism. 
However, experimentally proposed values of magnetic moment in a."-Fe16N2 vary widely 
from 1710 emu/cm3 (equal to pure iron) to 2500 emu/cm3 (larger than 35% Co-65% Fe) [3]. 
Therefore many researchers began to wonder if "one is looking at the revolutionary results or 
egregious errors [4]"[5,6]. 
The phase information of the Fe-N system for bulk materials is shown in Fig. 1-l.[7] 
The equilibrium solid phases of the condensed Fe-N system according to the phase diagram 
are [7]: (1) the terminal bee solid solution denoted as ferrite or a-Fe; (2) the terminal fee 
solid solution denoted as austensite or y-Fe; (3) the fee nitride, Fe4N or y, with a narrow 
range of composition near 20 at.% N; (4) the cph nitride, E-Fe3N, with a broad range of 
composition from about 15 to at least 33 at.% N; and (5) the orthorhombic nitride, Fe2N or 
s, with a composition ranging from about 33 at. % N to an unknown upper limit. There are 
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also two kinds of nonequilibrium phases that have been observed which are: (1) bet Fe-N 
martensite or a', and (2) the ordered bet nitride, Fe16N2 or a". 
If nitrogen gas or mixtures of NH3 and H2 are passed over Fe powder or thin films at 
elevated temperatures, several kinds of nitrides form. One of these is y-FeN, the nitrogen 
austenite where Fe is in a fee arrangement and N randomly occupies some of the octahedral 
interstices. As the nitrogen content increases, the nitrogens interact and at high 
concentrations i-Fe4N forms. In i- Fe4N (Figl-2.), the iron is in a fee arrangement and the 
nitrogens occupy the octahedral interstices in an ordered manner. 
When the y-FeN formed at elevated temperatures is slowly cooled, it decomposes into 
the mixture of a-Fe (or a-Fe with a small amount of N in solid solution) and i-Fe4N. 
However, if it is quenched to room temperature or below, the phase transformation into a-Fe 
and Fe4N is suppressed and the a' martensite forms. If a' -FeN is then heat treated at 
temperatures between 120 and l 50°C, ordering of the nitrogens can occur and a new phase 
forms, which is a"-Fe16N2 (Fig.1-2). It is tetragonal and the unit cell dimensions are roughly 
double those of the a' phase [8]. 
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Figurel-1 The phase information of Fe-N system [7] 
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Figurel-2 Crystal structures of a-Fe, y'-Fe4N and a"-Fe16N2, drawn to scale [9]. 
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1.2 The Previous Studies about Fe-N Thin Films. 
In order to fabricate the material or phase of a"-Fe16N2, various methods have been 
applied. Among them are reactive sputtering [ 10], ion beam assisted deposition (IBAD)[ 11], 
molecular beam epitaxy (MBE)[12], and ion implantation [13]. 
Among the works that stand for the high magnetization of a"-Fe16N2, Okamoto et al. 
[14] reported that epitaxial Fe-N films have been grown on Fe or Ag (001) single-crystal 
underlayers by the sputter beam method. On both underlayers the Fe-N films were observed 
to have a bet structure (a' -martensite ). Postannealing was reported to promote ordering of 
nitrogen atoms in the bet lattice and this resulted in precipitation of a metastable a"-Fe16N2 
phase in Fe-N films. Based on XRD and RHEED, the formation of a"-Fe16N2 was clearly 
observed in the film~ annealed at 200°C, and the magnetization of the annealed Fe-N films 
tended to increase with increasing the volume fraction of the a"-Fe16N2. They also studied 
the effect of lattice distortion on the magnetic and electronic state of a"-Fe 16N2 [ 15]. In that 
research, they also fabricated epitaxial (a" +a')-Fe16N2 films on Ag (001) underlayers by 
sputter beam method. It was found that with the decrease of the film thickness, the unit cell 
volume of a"-Fe 16N2 increased and a giant magnetic moment up to 2.8 µ8/Fe atom was 
found (the atomic magnetic moments for pure Fe are 2.2µ8/Fe). Moreover, with increase of 
the unit cell volume, the X-ray diffraction intensity ratio Ia"(oozlla"<006) was apparently 
decreased. From their theoretical calculations, reduction of Ia"(oozlla"<006) means increase of 
the valency of N atoms in a"-Fe16N2. So the authors thought that the charge transfer from N 
to Fe due to lattice expansion effect results in the increase of the magnetic moment of a" -
Fe16N2. 
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Using ion-beam-assisted deposition, Jiang et al [ 16] deposited Fe-N films with a 
higher magnetization (237 emu g-1) than that of bulk Fe (210 emu g-1). During the post 
annealing, the Fe 1~2 was stable at 150°C and began to decompose into a.-Fe and y-Fe4N at 
200°C. After annealing at 300°C for 2h the Fe1~2 transformed completely to a.-Fe and i-
Fe4N. Moreover, although the Ms-value of the Fe-N film containing Fe1~2 is significantly 
higher than that of a.-Fe, the Ms of Fe16N2 seems less than that reported by Kim and 
Takahashi [ 1]. So the authors suggested a more accurate measurement of the percent of 
Fe16N2 in the film is necessary to determine its Ms-value. 
Ding et al [17] found that they did get increased magnetization moment (as high as 
230 emu g-1) larger than that of pure iron (210 emu g-1) among their Fe-N thin films through 
a reactive ion beam sputtering deposition method. However, they think that these high 
magnetization values are attributed to the presence of nitrogen in the iron sublattice, rather 
than the a'/a" phase directly. 
Up to now, the highest magnetization of Fe-N thin films was reported by Sugita et al. 
[3]. They reported a magnetization of 2500 emu/cm3 for a single-phase, single-crystal Fe16N2 
film epitaxially grown by MBE on the GaAs (00 l) substrate. The experiment was conducted 
by evaporating Fe in an atmosphere of mixed gas of N2 and NH3, following by annealing. 
During deposition, the substrate temperature was 200°C. It was found that without annealing, 
only Fe-N martensite peak was identified. After an annealing procedure under 200°C for 90h, 
the X-ray showed that the Fe-N martensite completely changed into a."-Fe 16N2. 
In the voices against the high magnetization of a."-Fe 16N2, Takahashi and Shoji found 
that although they produced the a"-Fe 16N2 by reactive sputtering, they did not observe a 
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magnetization as high as that of the Hitachi group [18]. They reviewed the literature of a"-
Fe16N2 films with and without giant magnetic moment in connection with structure and 
magnetic moment. It was found that the results of XRD and TEM analysis did not show any 
difference between a" -Fe16N2 films with and without giant magnetic moment. However, the 
Mossbauer spectrum was quite different in each case. The hyperfine field of Fe16N2 film 
synthesized by themselves splits into three hyperfine field interactions, but for an Fe16N2 film 
with giant magnetic moment fabricated by the Hitachi group the hyperfine field interaction 
did not split and is almost the same as that of pure a-Fe. Thus Takahashi and Shoji believe 
that the interaction of Mossbauer spectra is the key item to solve the a' -Fe16N2 problem. 
Being a Mossbauer spectroscopist, J .M.Cadogan [19] proposed his opinion after 
studying the Mossbauer results. In his opinion, a"-Fe16N2 does not have a giant magnetic 
moment on the Fe atom, although it is closer to strong ferromagnetism than a-Fe and one of 
the Fe sites in the a"-Fe16N2 structure does have a larger magnetic moment than a-Fe. In 
this article, the author also reviewed several theory calculation results based on band theory. 
It seems that all of these results stand in the against camp. 
There are also other evidences against large moments, which come from foils [20], 
large particles [20], some sputtered films [6], theoretical study [21] and so on. 
The argument is focused on two aspects [ 18]: First whether or not the proposed giant 
magnetization values larger than that of 35%-65% Co-Fe are accurate, since it is difficult to 
derive Ms from measurements on very thin films and very difficult to determine volume 
fractions of multiphase thin films. Second, if the values are accurate, whether or not they are 
due to a"-Fe1~2- a"-Fe16N2 phase is difficult to identify, and there is no reliable method for 
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determining the volume fraction of a"-Fe 16N2 in thin films. Furthermore there is insufficient 
data on Ms for other Fe nitrides present in multiphase samples (some have wide ranges of 
composition). 
Although there are different opinions on the large moments being associated with a" -
Fe16N2, it is important and interesting for researchers to study it. Because if there are giant 
moments in Fe-N, such values of magnetization cannot be explained on the basis of the 
Slater-Pauling curve and challenge the current theoretical models of magnetism. 
PLD (pulsed laser deposition) is a recent, efficient and economical method to 
fabricate thin films. Only one group has previously reported results on Fe-N films deposited 
by reactive pulsed laser deposition (PLD) [22]. In Coey's review paper [9], the author 
concluded that the common features of many of the reports claiming giant magnetization 
values are: reduced dimensionality of the samples (i.e. very thin films, very fine powders, 
multiphase nanostructures) or strained structures (i.e. epitaxial films, strained multiphase 
nanostructures) or both. Compared with these common features, Yoshitake and Ohkoshi's 
results have several quite unusual features. First, they report a film average Ms as high as 
2300 emu/cm3 for films 200 to 500 nm thick (much thicker than most other reports), and 
deposited onto glass substrates (which are amorphous substrates, hence no epitaxial effects). 
Furthermore, they do not propose that the elevated moments are due to the ordered a" -
Fe16N2 (which they did not observe), but rather, speculate that the increased saturation 
magnetization was due to a heterogeneous state of y'-Fe4N precursors within an a*-phase (a 
new phase which they propose, with a bet structure with lattice constants a = 0.285 nm and c 
= 0.287 nm). However, composition measurements are not reported, which makes phase 
identification difficult. 
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In the present work, using pulsed laser deposition, we want to answer the following 
questions: 
1) What is the effect of substrate temperature and nitrogen pressure on the 
phase formation and magnetic properties of the Fe-N thin films? 
2) Can we observe the high magnetization of Fe-N thin films reported by T. 
Yoshitake and M. Ohkoshi's group? 
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2. EXPERIMENTAL METHODS AND PROCEDURES 
2.1 Overview of Pulsed Laser Deposition [23] 
Pulsed laser deposition (PLD) is one of the simplest and most versatile thin film 
growth techniques. It uses laser radiation as an external energy source to vaporize materials 
and deposit thin films in vacuum or predetermined background atmosphere. One of its 
important advantages is that PLD is a non-equilibrium process that allows for the 
reproduction of stoichiometry from the target to the film. The other is extremely high 
instantaneous growth rates. 
There are various kinds of laser types used in PLD systems including excimer, Nd-
Y AG, and TEAC02. Among them, excimer lasers are commonly ones that emit radiation 
directly in the UV range. 
The light output from an excimer laser evolves from a molecular gain medium where 
the lasing action occurs between a bound upper electronic state and a repulsive or weakly 
bound ground state. Because the ground state is repulsive, the excimer molecule can 
dissociate rapidly (-10- 13s) as it emits a photon during transition from upper state to ground 
state. 
The deposition process of PLO system is shown in Fig.2-1. The laser beam is directed 
through an aperture, passes through a focusing lens and the laser window, and then into the 
vacuum chamber and finally hits the target. Consequently, highly energetic ions and atoms 
are ejected from the target as the result of laser-target interaction. The incoming beam is at 
45° with respect to the normal of the target. The substrate is parallel to the target about 7cm 
11 
away. During deposition, the target keeps rotating, which makes the deposition uniform. 
Singh and Kumar have classified the PLD process into four separate regimes [24]. 
1. Interaction of the laser beam with the target resulting in ablation of surface 
layers. 
2. Interaction of the ablated materials with the incident laser beam resulting in 
isothermal plasma formation and expansion. 
3. Anisotropic adiabatic expansion of the plasma in the direction of the substrate. 
4. Interaction of the plasma with the background gas. 
Laser 
Beam 
Focussing 
Lens 
\ 
Laser 
Window 
\ 
Laser Port 
/,. 
Substrate Port / 
12 
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l /·\ , e 
_____ \ 
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Figure 2-1 Schematic illustration of the deposition process of the PLD system [23]. 
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For a PLD system, there are several important process parameters, which include 
substrate temperature, background gas pressure, pulse energy density, pulse repetition rate, 
target-substrate distance, and focal length. Among them, the substrate temperature and 
background gas pressure are usually changed for experimental purposes, and others are fixed 
for a given material. Energy density can be adjusted by either changing the pulse energy or 
the distance between the focal Jens and target. Very high energy density can increase the 
speed of the ejection and deposition of particles onto the substrate, and help the formation of 
metastable structures in the film. Finally, a shorter distance between the substrate and the 
target may allow for faster deposition rates. A background gas is introduced into the chamber 
to provide the atomic and molecular precursors that are required to produce a desired film 
composition. Ionization of the background gas takes place due to the interaction of the 
ablated material plume with the background gas and also the further interaction between the 
plume, background gas, and subsequent laser pulses. The pressure of the background gas can 
change the growth parameters such as the deposition rate, spatial distribution, and kinetic 
energy distribution of the depositing species. As pointed out by Chrisey and Hubler, there are 
four direct results on the plasma plume due to raising the background gas pressures [23]. 
1. A decrease of the deposition rate due to the increase of collisions. 
2. A sharpening of the plume boundary, indicative of a shock front 
3. A slowing of the plume relative to the propagation in vacuum 
4. Spatial confinement of the plume. 
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The deposition system used in this investigation is a turbo-pumped Neocera PLD 
system with a typical base pressure of 8x 10-7 Torr. The laser was a Kr-F eximer laser (248 
nm wavelength). The laser energy was 200 ml with pulse duration less than 50 ns. The power 
density at the target was -3.5 W/cm2 and repetition rate of the laser pulse was 10 Hz. The 
target used during the deposition process was a 99.99% Fe. 
2.2 Vibrating Sample Magnetometer [25] 
The vibrating sample magnetometer (VSM) measures magnetic properties of 
materials. When a material with a magnetic moment is made to undergo sinusoidal motion 
(i.e. mechanically vibrated), it produces a periodic magnetic flux change at the location of 
adjacent pick-up coils. This induces a periodic electrical signal in the pick-up coils, whose 
amplitude is proportional to the magnetic moment of the sample. 
However, the. induced signal is also proportional to the vibration amplitude and 
frequency. Therefore a servo system is introduced to maintain the vibration amplitude and 
frequency. This technique depends on feedback from a vibrating capacitor, one of whose 
plates moves with the sample holder assembly, located beneath the transducer to generate an 
ac control signal that varies solely with the vibration amplitude and frequency. This signal is 
fed back to the oscillator where it is compared with the drive signal so as to maintain 
constant drive output. It is also phase-adjusted (to ensure there is no relative phase-shift with 
respect to the induced signal from the pick-up coils) and routed to the signal demodulator 
(which is located in the lock-in amplifier) where it functions as the reference drive signal. 
A lock-in amplifier is used to measure the amplitude and phase of signals buried in 
noise. In the lock-in amplifier, a demodulator operates by multiplying the induced signal in 
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the pickup coils and the reference signal from the vibrating capacitor. Since there is no 
relative phase-shift between the induced signal and reference signal, the demodulator output 
takes the form of a sinusoid at twice the reference frequency, but with a positive mean level. 
This process is shown in Fig. 2-2 [26]. 
[26]. 
Signal In 
R.efelence 
fintemaly 
generated) 
Figure 2-2. The illustration of the output of the demodulator in the lock-in amplifier 
If the reference signal amplitude is maintained, then by measuring the mean level, the 
amplitude of the input signal (i.e. induced signal) can be determined. To get the mean level, it 
is a relatively simple task to isolate it by using a low-pass filter which is set to a sufficiently 
low cut-off frequency. The noise which has no fixed frequency or phase relationship to the 
reference, is also multiplied by the reference signal in the demodulator, but does not result in 
any change to the mean level. Therefore it is rejected by the low-pass filter, and the resulting 
signal is an analog of the moment magnitude of the sample alone. 
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During measurement, by slowly varying the applied magnetic field (generated by an 
electomagnet with soft magnetic pole pieces), a hysteresis loop indicating the dependence of 
the sample's total magnetic moment on the external applied magnetic field is therefore 
measured. 
In the present work, the VSM used is the Model 4500 manufactured by EG&G 
Princeton Applied Research Corporation, and it was controlled from a PC by DOS software 
from Lakeshore, Inc. The maximum applied magnetic field is ± 7400 Oersted, and the 
vibrating frequency is approximately 82 HZ. 
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Inner and 
Outer Tube 
Assemblies, 
Quartz Tail 
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Magnetic 
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Control 
Figure 2-3 Schematic diagram of a vibrating sample magnetometer [25]. 
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2.3 X-ray Photoelectron Spectroscopy [27] 
X-ray photoelectron spectroscopy (XPS) was used to measure the atomic content of 
the nitrogen introduced into the iron nitride films as well as the content of other elements 
such as oxygen and carbon during deposition. 
When a sample is irradiated by X-rays, photoelectrons are emitted. Photoelectrons 
can be generated from valence or inner electron levels depending on the energy of the X-
rays. The ejected photoelectrons are focused by an electromagnetic lens system and gathered 
by an energy analyzer. The energy analyzer sweeps over an energy range and counts the 
number of electrons at each energy. This energy is really the electron binding energy, and 
according to the Einstein equation, it is given 
Es= hv-Ek-<I> 
Where Es is the binging energy, hv is the X-ray energy, Ek is the photoelectron kinetic 
energy, and <I> is the work function. 
From the binding energy of photoelectrons, the energy state from which they were 
emitted can be characterized, which allows for the elemental characterization of the sample 
surface. However, the analysis depth of a typical XPS scan is limited to approximately the 
top 5 nm below the surface. Depth profiling can be done by combining the XPS analysis with 
an ion etch process. 
In the current experiment, the measurements were performed using a Physical 
Electronics (PHJTM) 5500 Multitechnique ESCA system with monochromatic Al Ka 
radiation. Depth profiles were determined by ion etching the sample surface using 4 kV Ar 
ions at 3µA total target current. Composition measurements were determined after sputtering 
through the surf ace oxide layer, and obtaining a nitrogen percentage stable with sputtering 
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time (typically after sputtering for 20 minutes, which corresponded to the removal of 
approximately 20 nm of surface film). 
2.4 X-ray Diffraction [28] 
X-rays are electromagetic radiation with very short wavelength (about 10-10mJ, and 
they occupy the region between gamma and ultraviolet rays in the complete electromagnetic 
spectrum. X-rays are produced when any electrically charged particle of sufficient kinetic 
energy is rapidly decelerated. 
The most fundamental principle of X-ray diffraction theory is the Bragg Law. 
Shown as in Fig.2-4, for example, two incident rays are scattered by atoms in two different 
planes. Therefore the path difference between these two rays is 2dsine. The essential 
condition which must be met if diffraction is to occur is that these two scattered rays will be 
completely in phase. Thus the path difference must be equal to a whole number n of 
wavelengths, i.e. 
2dsin8 = nA. 
This is relation is known as the Bragg law. 
Combining the Bragg law and the plane-spacing equation applicable to the particular 
crystal involved, we can get a general relation which will predict the diffraction angle for any 
set of planes. For example, if the crystal is cubic, then 
nA.= 2d sin8 
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and 
1 (h 2 +k2 +12 ) 
di- a2 
Combining these equations, we get 
This equation gives, for a particular incident wavelength A. and a particular cubic crystal of 
unit cell size a, all the possible Bragg angles at which diffraction can occur from the planes 
(hkl). 
x x 
Figure 2-4 Reflection of x-rays from two planes of atoms in a solid. 
However, it should be mentioned that the intensity of the diffraction lines is also 
affected by the following six factors. They are polarization factor, structure factor, 
multiplicity factor, Lorentz factor, absorption factor, and temperature factor. This results in 
the phenomena that not all the diffraction lines can be observed. The interested reader is 
referred to Ref. 28. 
21 
During measurement, the surface of the sample should be kept very flat parallel to the 
bottom of sample holder, which is very important to get a good signal. Fortunately the silicon 
substrate can be used as an indication about this alignment. Each time if a very strong silicon 
(400) peak appears, it means the alignment is good. 
The XRD used in the present work is a PAD-II Diffractometer manufactured by 
Scintag. Inc. Using Cu-Ka radiation, the measurements were carried out under a voltage of 
30 V and a current of 20 mA. 
2.5 Film Thickness Measurement and Atomic Force Microscopy 
The thicknes:; measurement is carried out by first chemical etching to make a step 
then measuring the height of that step by atomic force microscopy (AFM). The chemical 
etching procedure is shown as follows: 
First, we put a drop of HMDS adhesion promoter onto the thin film surf ace and let 
the adhesion promoter cover the whole area, and then applied a small dot of positive photo 
resist (AZ1512) onto the center of the surface. After that, the sample was dried in a box oven 
for 1 hour at 90°C. When it was dried, the sample was put into the solution of aqua regia 
(HN03: HCl: H20 = 3: 1: 2). When the unwanted region of the film was etched out 
(approximately 3 min), take out the sample and by then there is left only the central region 
protected by the photoresist. Then use acetone to get rid of the photoresist and use ethanol to 
rinse the sample, and use nitrogen gas to blow the sample to make it dry. This process is 
shown in Fig.2-5. 
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Figure 2-5 An illustration of the chemical etching process 
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The working principle of contact mode AFM is shown in Fig.2-6 [29]. It is operated 
by scanning a tip attached to the end of a cantilever across the sample surface while 
monitoring the change in cantilever deflection with a split photodiode detector. The tip is a 
kind of silicon nitride which contacts the surface through the adsorbed fluid layer on the 
sample surface. A feedback loop maintains a constant deflection between the cantilever and 
the sample by vertically moving the scanner (z) at each (x, y) data point to maintain a 
"setpoint" deflection. The distance that the scanner movers vertically at each (x, y) data point 
is stored by the computer to form the topographic image of the sample surf ace. 
The height value of the step (i.e. thickness) is determined through the Real-Time 
Operation feature of the control software. In the present research, the thickness measurement 
is quite important because this will affect the accuracy of the magnetization measurement of 
the sample, because magnetization is the product of the sample's total magnetic moment 
divided by the sample's volume, and the volume is the product of area times thickness. 
During thickness measurement, usually over 8 positions around the perimeter of the sample 
were measured, and the final thickness value is the average of all the measurement results. 
The error bar is determined from the product of standard deviation divided by average value. 
The error bar was less than I 0% for most of the samples. 
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Figure 2-6 Schematic illustration of a contact mode AFM [29] 
The AFM used for this study is a NanoScope™ Scanning Probe Microscope 
manufactured by Digital Instruments, Veeco Metrology Group, Santa Barbara, CA. 
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3. THE EFFECT OF THE SUBSTRATE TEMPERATURES AND 
NITROGEN PRESSURES 
3 .1 Results for Composition Measurement 
The Fe-N thin film samples were deposited onto Si(lOO) substrates with 300 nm of 
thermal Si02 on the surface. The nitrogen pressure levels were systematically varied from 
O. lmTorr to 40mTorr. One series of films was deposited at the substrate temperature of 20°C 
and one series at 250°C. 
Film thicknesses were found to vary from 114 nm to 235 nm, depending on the 
nitrogen pressure. Thus the deposition rate ranged from 0.021 nm/s to 0.044 nm/s. 
Figure 3-1 shows the relation between film average nitrogen content and nitrogen 
pressure for the series deposited at 20°C and the series deposited at 250°C. Previously 
reported PLD results did not contain measurements of the actual amount of N incorporated 
into the films [22]. For each series, film average nitrogen content increases with nitrogen 
pressure, with a functional dependence that is less than linear. For the 250°C series, the film 
average N content appears to saturate at about 11 at%. For a given N pressure, it appears that 
less N actually gets incorporated into the film at growth temperature of 250°C than at 20°C. 
Fe-nitrides are reported to be only metastable [9, 30]. A possible explanation of why 
less N is incorporated at 250°C than at 20°C is that at the higher substrate temperature, more 
N on the growing film surface might be desorbed before it can be incorporated into the film. 
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Figure 3-1 The dependence of film average nitrogen content on nitrogen pressure and 
substrate temperature. 
3.2 Results for Magnetic Properties 
Figure 3-2a shows the dependence of film magnetization on nitrogen pressure, and 
Fig.3-2b shows the dependence of film magnetization on film average nitrogen content. For 
low nitrogen pressures and nitrogen contents, the film average Ms is within experimental 
uncertainty of the pure Fe value. As nitrogen pressure is increased, the film average 
magnetization decreases, for both series of films (Tsub of 20°C and 250°C) in the same 
general manner. Out to about 7 or 8 at.% nitrogen, the film average Ms decreases only 
slightly. Then in the region from 8 to I I at.% N, Ms drops rapidly, becoming less than 300 
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emu/cm3, and remaining in the range of 200 to 300 emu/cm3 out beyond 14 at.%. No 
magnetization increase similar to that observed by Yoshitake and Ohkoshi [22] was observed 
in the series deposited at 250°C. 
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Figure 3-2(a) The dependence of film average saturation magnetization Ms on the 
nitrogen pressure for films deposited at 20°C and 250°C. 
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Figure 3-2(b) The dependence of film average saturation magnetization Ms on the 
film average nitrogen content for films deposited at 20°C and 250°C. 
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3.3 Results for XRD Measurement 
Figure 3-3 presents the XRD results for the 20°C substrate temperature series. For 
low nitrogen pressure, a peak is observed at 28 of 44.5 degrees, which can be identified as a-
Fe (110). No other a-Fe peaks are observed. This is may be due to (110) texture in the film. 
When nitrogen pressure is increased from 0.1 mTorr to 2.0mTorr, the peak at 44.5 degrees 
splits and one of the two peaks shifts to lower angle. This appears to correspond to a 
tetragonal distortion and the formation of a' -FeN martensite, which has a base centered 
tetragonal (bet) structure. The splitting observed for the 2mTorr sample corresponds to a 
difference in d spacing of 0.002 nm. When the ambient pressure of N is increased to 
lOmTorr, the tetragonal distortion becomes much more severe. The intensity of the a-Fe peak 
decreases greatly and a'-Fe peak moves to 43.5 degrees. a' and a peaks are by then totally 
separated. In Figure 3-2, the magnetization of the 20°C sample series shows a moderate 
decrease when the nitrogen content reaches 7 at.%, and the structure shows this larger 
tetragonal distortion. It is known that the magnetic properties of Fe and Fe-rich structures are 
volume-sensitive with a strong connection between structure and magnetism [9]. Some 
groups report that Ms of a' -Fe could be larger than pure iron [31 ], but here it seems that the 
formation of the larger-distortion a' -FeN martensite results in a moderate decrease of Ms. 
With the increase of nitrogen pressure to 20 mTorr and 30 mTorr, a peak near 43 degrees is 
observed which can be identified as E-Fe3N(l l l ). The magnetization of these samples 
decreases steeply in Fig. 3-2 with the formation of E-Fe3N phase. No XRD peaks were 
observed for the sample deposited at 40mTorr. It appears to be amorphous or might have 
very fine nano-grains. 
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Figure 3-3 The XRD results for the 20°C substrate temperature sample series. 
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Figure 3-4 provides XRD data analysis for the 250°C sample series. When the 
nitrogen pressure is 5mTorr, there is very little nitrogen incorporated into the film (shown in 
Fig. I) and thus only the a-Fe ( 110) peak appears, near 44.5 degrees. When the nitrogen 
pressure is increased to I 0 mTorr, in addition to the a-Fe ( 110) peak, a peak is observed 
around 43 .5 degrees, which can be identified as a' -Fe (I 01) with the bet structure. Peaks are 
also observed at 41.5 and 47.5 degrees which can be identified as another nitride phase called 
y'-Fe~. Due to the formation of iron nitride, the magnetization of the sample deposited at 10 
mTorr began to decrease in Fig.3-2. Although possessing a higher atomic percent of nitrogen, 
the sample deposited at 20 mTorr has the same phases present as the sample deposited at 10 
mTorr sample, but with different relative amounts, and different crystallographic texture. The 
y' -Fe4N (111) peak has a lower intensity in the 20 mTorr film than in 10 mTorr film. This 
may be due to (200) texture in the sample deposited in 20 mTorr. The magnetization of the 
20 mTorr sample shows a small decrease compared to the 10 mTorr film (Fig. 3-2). When 
the nitrogen pressure is increased to 30 and 40 mTorr, the y'-Fe4N peaks disappear and a 
peak is observed around 43 degrees, which can be identified as the E-Fe3N (111) peak. Just as 
in the series deposited at 20°C, the magnetization decreases steeply with the formation of E-
Fe3N phase. This agrees with theoretical predictions that Fe3N should have lower 
magnetization than Fe4N or a-Fe [9]. In the sample deposited at 40 mTorr, there is also a 
peak around 36.3 degrees which might be identified as iron oxide, although the oxygen 
content measured by XPS is near 2 at.%. 
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Figure 3-4 XRD results for the 250°C substrate temperature sample series. 
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3.4 Discussion 
In the 20°C series, for low nitrogen pressures (0.1, 1, and 2 mTorr), a-Fe and a'-FeN 
martensite with a small tetragonal distortion are formed. For 10 mTorr nitrogen, the same 
two phases form, however the a'-FeN martensite shows a much larger apparent tetragonal 
distortion. For the nitrogen pressures above 10 mTorr, the next phase that forms is E-Fe3N 
(shown in Fig.3-3). In the 250°C series, for low nitrogen pressure (5 mTorr) a more distinct 
a-Fe (110) peak is observed, and for increasing nitrogen (10 and 20 mTorr) the next phase 
formed is y'-Fe4N. For higher nitrogen pressures yet (30 and 40 mTorr), E-Fe3N is formed 
which shows sharp and narrow peaks. From the XPS results, for both the 20°C series and the 
250°C series, at low nitrogen pressure (less than 1 Om Torr) the actual nitrogen atomic percent 
is very small ( 1 <at.%), and for even the highest nitrogen pressures used in this investigation 
the actual average nitrogen content is less than 15 at.% (show in Fig.3-2b ). For these 
compositions and temperatures, the bulk phase diagram predicts a-Fe phase for very low 
nitrogen content and mixture of a-Fe and y' -Fe4N rather than E-Fe3N for the higher nitrogen 
contents (up to about 20 at.% nitrogen) [7]. Therefore the behavior of the 250°C series is 
closer to the equilibrium process or what we expect on the basis of the bulk phase diagram 
than the behavior of the 20°C series. This can be understood by considering the following 
model: Atoms on the growing film surface are free to diffuse much more easily than atoms in 
bulk at the same temperature. How easily they diffuse on the surface (i.e. how much they 
move per unit time) is determined by substrate temperature. Those atoms on the surface can 
move until they are constrained by subsequently-deposited atoms. How much time they have 
to move is determined by deposition rate. Thus for the same deposition rate but higher 
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substrate temperature, atoms on the surface have more opportunity to find energy minima. 
The structure produced will be closer to bulk or equilibrium structure. Indeed, it is sometimes 
true in thin films that at low substrate temperature, the phase that forms first is a higher 
temperature phase or non-equilibrium phase rather than the bulk equilibrium phase for that 
temperature, due to kinetic constraints. 
Figure 3-2b shows that the two series of films show the same general dependence of 
film average saturation magnetization on film average nitrogen content. The magnetizations 
of the films decrease as the overall film average N composition increases. However, some 
specific features show that it is not just average N content that is important, but specifically 
what phases are present, and their relative amounts and their magnetic moments. The total 
magnetization of a given sample should be equal to the sum of the magnetizations of the 
different phases present, weighted by their relative amounts in the sample. 
The films with less than 1 at.% nitrogen appear to consist of predominantly a-Fe 
phase or a mixture of a with an a' that shows a very small tetragonal distortion. These films 
show Ms values quite close to pure a-Fe, as one might expect. For nitrogen contents up to 
about 8 at.%, the films show a moderate decrease of Ms compared to the pure-Fe value. In 
the case of the film deposited at 20°C and I 0 mTorr N, it appears to consist of a mixture of a 
phase with a large amount of a' -FeN martensite phase with a large tetragonal distortion. In 
the case of the films deposited at 250°C, and I 0 and 20 mTorr, they appear to consist of a 
mixture of a and a' phase with a large tetragonal distortion, and y'-Fe4N. In the region 
beyond 8 at.% nitrogen, film average magnetization decreases rapidly. These films from both 
series appear to consist of mixtures of £-Fe3N + a, with the amount of a decreasing for 
35 
increasing nitrogen pressure. Thus it appears that for the films of this study, the 
magnetizations of both the a.' phase with the large tetragonal distortion and the r' -Fe4N phase 
are moderately less than that of pure Fe, and relatively similar to each other. The E-Fe3N 
phase would appear to have much lower magnetization than either of these others. These 
results are supported by theoretical predictions that Ms,a-Fe>Ms.Fe4N>Ms,Fe3N [9]. The 
experimental values for the magnetization of a.-Fe, y'-Fe4N, and E-Fe3N have been reported 
as 220 JT1kg-1, 178 JT1kg-1, and 123 JT1kg-1 respectively [32], which also support the 
present results. 
For the sample deposited at 40 mTorr and 20°C, we did not observe any peaks 
attributed to the Fe-N film with XRD. This could indicate an amorphous film although it 
might have nanograins of size and/or volume fraction below the detection limit of XRD. This 
sample has the highest nitrogen content of any of the films (14.7 at.% N). In general, when 
metals or simple compounds are deposited at room temperature or above, they tend to form 
crystalline thin films, rather than amorphous ones. However, there are other known Fe-
metalloid systems (e.g. the Fe-B system, and ternary and quaternary alloys based on it) in 
which one can produce amorphous material by rapid quenching or thin film deposition 
methods. There have been a few reports in the literature, of amorphous Fe-N powder or bulk 
material having been fabricated by ball-milling [32,33] and ion-implantation [34,35], and 
amorphous Fe-N thin films by ion beam deposition [36] and facing targets sputtering [37]. 
Another possibility is that the film has a very fine nanocrystalline structure which can not be 
detected by XRD 0-20 scans. In order to further investigate this, TEM-based structural 
investigations would be needed. 
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In the present work, we have replicated the nitrogen pressures and substrate 
temperatures of Yoshitake and Ohkoshi's previous PLD work [22], but did not see enhanced 
saturation magnetization values in the same region of temperature and nitrogen pressure that 
they did. They reported an Ms of 2300 emu/cm3 for the film deposited at 250°C with 30 
mTorr nitrogen pressure. Under these conditions we did observe the composition that would 
correspond to Fe16N2. i.e. -11 at.% N (Yoshi take and Ohkoshi did not report composition 
measurements that we can compare to). However, we saw mainly e-Fe3N phase (so called, 
although reported to have a composition range of -15 to -33 at.% N [31]), plus a little a-Fe. 
In Yoshitake and Ohkoshi's work, they reported instead a structure identified as u* bet Fe-N 
(a new phase which :hey propose, with a bet structure and lattice constants a= 0.285nm and 
c = 0.287nm). The difference between their work and the present work might be attributed to 
the different deposition rates. In their study, a deposition rate of 0.25 nm/s was reported 
while in the present work the rate is 0.021 nm/s to 0.044 nm/s. The former is thus 6 to 12 
times higher. For higher deposition rates, atoms have much less time to find low energy 
positions before being constrained by other deposited atoms. This could thus produce a 
different structure that is much more highly non-equilibrium. Our process gives a phase 
mixture (e-Fe3N + a) which is also non-equilibrium, but would appear to be closer to 
equilibrium than Yoshitake and Ohkoshi's process. Actually, in order to get a"-Fe 16N2 phase, 
a non-equilibrium deposition process is required. At equilibrium, the phase transformation in 
the bulk Fe-N systems upon cooling is: y-Fe:N (fcc)--.a-Fe (bee)+ y'-Fe4N (fee). With 
rapidly quenched bulk material, there is: y-Fe:N (fcc)--.a'-Fe:N (bet), and upon annealing: a'-
Fe:N (bct)--.u"-Fe16N2 (bet) [8]. It is interesting to note that Yoshitake and Ohkoshi did not 
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propose that the increased moment in their samples is due to a" -Fe16N2 phase (which they 
did not observe), but rather, speculate that it is due to a heterogeneous state of y'-Fe4N 
precursors within their proposed a* -phase. 
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4. THE EFFECT OF ANNEALING 
4.1 VSM and MFM Measurement Results before Annealing 
The hysteresis loops determined by VSM for the samples deposited at 20°C are 
shown in Fig.4-1. 
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Figure 4-1 Hysteresis loops of the samples deposited at 20°C temperature: a) 
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Figure 4-1 Hysteresis loops of the samples deposited at 20°C temperature: c) 
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Figure 4-1 Hysteresis loops of the samples deposited at 20°C temperature: e) 
40mTorr. 
For each sample, its hysteresis loops were measured along two different orthogonal 
directions in the plane and it was found that these two hysteresis loops are very close. 
The shapes of the hysteresis loops vary significantly corresponding to the nitrogen 
pressures (or nitrogen contents). With the increase of the nitrogen content, the samples 
become harder and harder to saturate. During the VSM measurement, the external magnetic 
field was applied parallel to the sample's surface. One possible explanation is that the 
preferable directions of the magnetizations could be changing from in-plane direction to the 
direction normal to the plane. However, there are two other possible explanations for this 
phenomenon which should be considered. One is that the magnetization is still in-plane, and 
the external magnetic field is being applied along the hard axis. This explanation should be 
excluded because the hysteresis loops measured along two orthogonal directions of the 
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sample's surface do not show any difference. The other is that for the samples deposited at 
high nitrogen pressure, there may form local anisotropic magnetization and it is still in-plane, 
which will also make the sample hard to saturate. However, if so, there should be a large 
coercivity and this does not appear in the hysteresis loops. Therefore the second explanation 
can be excluded too. Shown in Fig. 4-L for the samples deposited at 2mTorr, in-plane 
magnetization component dominates. For the samples deposited at 1 OmTorr and 20mTorr, 
the magnetization could have an increasing perpendicular component. For the samples 
deposited at 30mTorr and 40mTorr nitrogen pressures, the film could have a preferable 
magnetization normal to the substrate plane. It is known that stress can have a strong effect 
on the magnetic properties of the thin films. Through magnetoelastic coupling, isotropic in-
plane compressive stress can cause a perpendicular magnetic anisotropy component for 
materials with positive magnetostriction, and the larger the stress, the larger the 
peq-,endicular magnetic anisotropy. Film stress determined from the samples deposited at 
2mTorr, 20°C and 20mTorr, 20°C is shown in Fig. 4-2. The negative curvature means that 
they both exhibit an in-plane compressive stress, and the curvature determined from the 
20mTorr sample (-2.0294x 10-7 at the maximum of the curve) is larger than that from the 
2mTorr sample (-1.2968xl0-7 at the maximum of the curve), which means that the 20mTorr 
sample possesses a larger compressive stress. It is reasonable since more introduced nitrogen 
interstitial atoms will introduce more stress. The equation for the curvature is: 
d~ ,, 
and the maximum, dy/dx=O. So, Kl = -·-
ill"' dx1 
lllJ.\ 
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Figure 4-2 Stress measurement results for the samples (a) 2mTorr, 20°C and (b) 
20mTorr, 20°C. 
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The MFM images for the 20°C samples series are shown in Fig.4-3. For the sample 
deposited at 2mTorr, XPS and XRD results (Fig. 3-1, 3-3) shows it is almost pure iron. 
Hysteresis loop shows an in-plane magnetization for this sample. Since the MFM is more 
sensitive to the perpendicular magnetization component than the in-plane component, the 
MFM image taken from this sample gives very weak domain configurations. 
2.5 5.0 {.5 
(a) 2.0mTorr, 20°C 
-10.0 
7.5 
5.0 
2.5 
a 
10.0 
2. [] d.e9 
Q,[J tl.e~ 
Digital lnstrUM@rtts N~noScope 
Scan size lD.00 ~" 
~can rate i . 002 Hz 
Nunher of saNples 256 
IMage Data P~ase 
Data scale 2.00D deg 
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Figure 4-3 (continued). 
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For the sample deposited at lOmTorr, stripe domains with strong contrast and 
preferable orientation appear. This kind of stripe domain with preferred orientation in-plane 
but substantial out-of-plane tipping was first proposed by Saito et al. who observed it in Ni-
Fe films using the Bitter method [38]. C. C. H. Lo et al. [39,40] in their work for FeSiAl 
films found that the stripe domains were closely related to the perpendicular anisotropy. With 
the increase of the perpendicular anisotropy component, the stripe domains became 
coarsened and more regular. The appearance of the stripe domains demonstrate the existence 
of the preferable perpendicular anisotropy in the sample deposited at lOmTorr, 20°C. 
It was assumed that for the sample deposited at 20mTorr there should also be stripe 
domains with more coarsened and regular structure since it appears to show a more 
preferable perpendicular anisotropy in the hysteresis loop. However, the MFM does not show 
such an image. Shown in Fig. 4-3c, there appear domains with much less contrast and 
discontinuous configuration. Irregular and discontinuous domain configuration obtained from 
the 20mTorr sample seems to suggest that the magnetic coupling between the domains is not 
as strong as that in the sample deposited at I Om Torr. The MFM images were taken from the 
as-deposited condition and thus there is no magnetic history effect. Consistent results were 
obtained when rescanning these samples using another tip, which means the effect of the tip 
is also excluded. One possible explanation for the lack of distinct stripe domains in the 
20mTorr sample compared to the lOmTorr sample has to do with microstructure. We know 
that microstructure plays a very important role in determining the sample's magnetic 
properties. For example, if the grain size is close or larger than the domain size, the local 
anisotropy of the gains cannot be excluded and this could cause an irregular and 
discontinuous domain structure. If there are grain boundary phases they will damage the 
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exchange-coupling between the magnetization of the grains and this will also result in an 
irregular and discontinuous domain configuration Therefore, further work on the 
microstructure of the samples should be carried out. 
Similarly, it was supposed that for the samples deposited at 30mTorr and 40mTorr, 
stripe domains with more regular and coarsened configuration than that of the samples 
deposited at 10 and 20mTorr will appear since the 30mTorr and 40mTorr appear to exhibit a 
more preferable perpendicular anisotropy based on the in-plane hysteresis loops. However, 
we did not observe any domains (see Fig. 4-3d and e). There are several possibilities. First, 
this may be due to the reason that the signal from these two samples are very small, smaller 
than the sensitivity of the MFM system. Second, the films may have a high perpendicular 
coercivity and remanence, so that in the remnant state they are essentially saturated, therefore 
no contrast appears. Third, the films may have a very low coercivity, and the tip-sample 
interaction might interfere with the image and we cannot see the domain walls. The last, 
maybe the films are superparamagnetic, and they have essentially zero remanence in any 
direction, and thus show no contrast. In order to check the last three ideas, a hysteresis loop 
obtained from a perpendicular external magnetic field is required in the future study. 
From Figure 3-2, 3-3, and 4-1, we can observe the relations of the samples' magnetic 
properties and their compositions and phase structures. When nitrogen content is less than I 
at. % (2mTorr sample), XRD result shows a split peak, and appears to be a mixture of a-Fe 
and a' -Fe, with the a' -Fe peak split from the original a-Fe peak, thus representing a 
tetragonal distortion. Since the composition of the 2mTorr sample is close that of the pure 
iron film, correspondingly, the hysteresis loop of the 2mTorr sample behaves like the pure 
iron film and exhibits an in-plane magnetization. It should be mentioned that although the 
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XRD results suggest a significant a' -Fe amount is formed, the XPS results show that N 
content is less than I at. %. The average magnetization of the 2mTorr sample is also very 
close to that of pure iron. When nitrogen content increases to near 6.5 at.% (I Om Torr), the 
XRD result shows that the a' -Fe peak splits a little further away from the a-Fe peak and thus 
forms a larger tetragonal distortion. The hysteresis loop obtained from the I OmTorr sample 
(Fig. 4-1 b) appears to exhibit a perpendicular magnetization component, even though the 
phases present are still a-Fe and a' as before. This is probably due to the reason that more 
stress/distortion is introduced by the increased amount of interstitial N atoms. When nitrogen 
content keeps increasing, i.e. for the samples deposited at 20mTorr and 30mTorr, XRD 
shows that a new phase Fe3N forms. It was assumed by then that the samples had even more 
stress and that the hysteresis loops represented even stronger perpendicular anisotropy. 
However, the MFM did not show any tripe domains, so the interpretation of these samples is 
not yet entirely clear. 
The hysteresis loops for the samples deposited at 250°C temperature are shown in 
Fig. 4-4. 
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Figure 4-4 Hysteresis loops for the sample senes deposited at 250°C: a) 5mTorr; 
b)lOmTorr. 
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Figure 4-4 Hysteresis loops for the sample senes deposited at 250°C: c) 20mTorr; 
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Figure 4-4 Hysteresis loops for the sample series deposited at 250°C: e) 40mTorr. 
The hysteresis loops for the sample series deposited at 250°C shows a similar 
behavior as those in Fig.4-1 except the big difference between the loop determined from the 
sample deposited at IOmTorr, 20°C and that from the sample deposited at IOmTorr, 250°C. 
With less nitrogen content, the hysteresis loop of sample deposited at lOmTorr, 250°C 
behaves more like a pure iron film than does the sample deposited at 1 OmTorr, 20°C. It is 
thought that perpendicular magnetization component is exhibited more preferably in the 
latter because it is much harder to saturate it in the plane. This is probably due to the reason 
that the sample deposited at 20°C was more stressed than that deposited at 250°C. Shown in 
the XPS results, the 20°C sample series had higher nitrogen contents than the 250°C sample 
series, especially for the sample deposited at IOmTorr, which is assumed to introduce more 
intrinsic stress. The XRD (Fig.3-3, 3-4) results show that the sample deposited at 1 OmTorr, 
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20°C exhibits a greater tetragonal distortion than the sample deposited at lOmTorr, 250°C. 
Another contribution to the stress is related to the substrate temperature. A higher substrate 
temperature will enhance the mobility of the atoms and thus help the thin film grow more 
homogeneous and decrease the intrinsic stress. However, the effect of the microstructure on 
the magnetic properties of these samples may also be an important factor. Further study on 
the microstructures of these samples might be valuable. 
Fig.4-5 shows the domain information of the 250°C sample series. It also exhibits a 
similar behavior like that obtained from the 20°C sample series except for the sample 
deposited at lOmTorr. For the sample deposited at 5mTorr, 250°C, its MFM image is very 
close to that of the sample deposited at 5mTorr, 20°C. This is reasonable since both of them 
obtain an in-plane magnetization and have a composition close to pure iron. 
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Compared with Fig. 4-3b, Fig.4-5b shows a big difference between the sample 
deposited at lOmTorr, 20°C and the one deposited at lOmTorr, 250°C. Unlike the former 
exhibiting a kind of stripe domain with strong contrast, the latter shows a unclear domain 
configuration like that obtained from the sample deposited at 5mTorr, 250°C. This matches 
the VSM results that the hysteresis loop obtained from the sample deposited at IOmTorr, 
250°C behaves like that of the sample deposited at 5mTorr, 250°C, which exhibits a 
preferable in-plane magnetic anisotropy. 
For the sample deposited at 20mTorr, 250°C, like the sample deposited at 20mTorr, 
20°C, discontinuous domains without strong contrast appear. 
For the samples deposited at 30 and 40mTorr, probably, due to the similar reasons for 
the samples deposited at 20°C, 30mTorr and 40mTorr, no domain information is observed. 
4.2 Annealing Results 
Subsequent annealing has been carried out in the chamber of the PLD system under a 
base pressure of 8x10-7 Torr and an annealing temperature of 200°C. 
Annealing at 200°C did not make differences for the samples deposited at I Om Torr, 
250°C and 20mTorr, 250°C. VSM measurements show that the annealing did not affect the 
hysteresis loops' shapes and the total magnetic moments. XRD measurements did not reveal 
differences in the phase structures. MFM results also find that there are no distinct 
differences before annealing and after annealing. 
However, for the samples deposited at I Om Torr, 20°C and 40mTorr, 20°C, the 
annealing experiment affected the film properties. VSM measurements find that the 
hysteresis loops of these samples are varied. 
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Fig.4-6 compares the hysteresis loops determined from the sample deposited at 
1 Om Torr, 20°C before annealing and after annealing. 
The hysteresis loop obtained after annealing exhibits a behavior like that of the pure 
iron film, which shows that the annealed sample is much easier to saturate. This 
demonstrates that the perpendicular magnetic anisotropy was suppressed after annealing. 
This can be understood by the explanation that the annealing process releases the 
stress, and thus decreases the stress-induced perpendicular anisotropy. XRD results taken 
from the sample before annealing and after annealing show that after annealing (shown in 
Figure 4-7), the tetragonal distortion of sample appears to be decreased. The a' peak appears 
lower and broader, but its center appears to have shifted to the right. (A new peak also shows 
up at about 38°, which has not been identified.) MFM images shown in Fig.4-8a and 8b also 
demonstrate this kind of stress change. After the post-deposition annealing process, the stripe 
domains with preferable orientation become less continuous and irregular. As stated above, 
stripe domains are closely related to the stress-induced perpendicular anisotropy. With the 
increase of the perpendicular anisotropy component, stripe domains have been observed to 
become coarsened and more regular [39, 40]. 
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Figure 4-6 The hysteresis loops for the sample deposited at IOmTorr, 20°C before 
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The hysteresis loop's change for the sample deposited at 40mTorr, 20°C before 
annealing and after annealing is shown in Fig.4-9. For this sample, the magnetization 
decreased dramatically. It is found that the total magnetic moment obtained after annealing is 
almost a factor of 2 less that obtained before annealing. However, the XRD still shows no 
discernable peaks, which means that the sample is still amorphous or very fine nanograined 
after annealing. MFM results also did not show any changes. 
Since there is a large saturation magnetization change but no phase change, it appears 
that short-range atomic order is changing. An amorphous structure lacks long-range atomic 
order. But the local atomic arrangement in amorphous structure is not completely random, 
and this kind of short-range order fundamentally affects the local atomic moment and the 
Curie temperature of the amorphous magnetic materials. The reason that the sample's 
magnetization decreased significantly may be explained as follows: an introduced annealing 
process could make the distribution of the nitrogen atoms more homogeneous (or ordered). N 
nearest neighbors are proposed to tend to decrease the moments on Fe atoms [9], and thus it 
is assumed that spreading the N more homogeneously causes more iron atoms to have N 
neighbors and thus overall moment decreases. 
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Figure 4-9 The hysteresis loops for the sample deposited at 40mTorr, 20°C before 
annealing and after annealing. 
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5. CONCLUSIONS 
Fe-N films of a wide range of N contents were deposited on Si02/Si substrates at 
20°C and 250°C by reactive pulsed laser deposition (PLD). Nitrogen pressure and substrate 
temperature play major roles in determining what structure (phase) and phase mixtures form. 
Film average nitrogen content plays an important role in influencing film average Ms. but in 
a multi-phase sample, its influence is somewhat indirect. Film average Ms is determined by 
which phases are present and their relative amounts and composition. The phase progression 
at 20°C substrate temperature is less like the bulk phase diagram than that at 250°C substrate 
temperature. This can be understood in terms of a model that takes into account the relative 
contributions of substrate temperature and deposition rate to a growing film. We did not 
observe the same phase mixtures as Yoshitake and Ohkoshi, particularly at 250°C. This 
could be due to major differences in the deposition rate between the two processes. To date, 
we have not observed Ms values greater than pure Fe for reactive PLD deposited Fe-N films. 
The bulk phase diagram, the Slater-Pauling curve and existing theoretical models do not 
predict enhanced magnetization values in the Fe-N system much above that of pure Fe [9]. 
Thus if they do exist in this system, large increases in magnetization must be connected with 
non-equilibrium structures/nanostructures formed by highly non-equilibrium processes. 
Subsequent annealing at 200°C only shows changes for the samples deposited at 
IOmTorr and 40mTorr, 20°C. For the sample deposited IOmTorr, 20°C, it is found that the 
perpendicular magnetic anisotropy is suppressed after annealing. This can be understood by 
the explanation that the annealing process releases the stress. For the sample deposited at 
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40mTorr, 20°C, after annealing its magnetization is found to decrease significantly. The 
introduced annealing process is thought to make the distribution of the interstitial nitrogen 
atoms more homogeneous (or ordered). N nearest neighbors are proposed to tend to decrease 
the moments on Fe atoms, and thus it is assumed that spreading the N more homogeneously 
could cause more iron atoms have N neighbors and thus overall moment decrease. 
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